Runembert, Isabelle, Sylviane Couette, Pierre Federici, Emma Colucci-Guyon, Charles Babinet, Pascale Briand, Gérard Friedlander, and Fabiola Terzi. Recovery of Na-glucose cotransport activity after renal ischemia is impaired in mice lacking vimentin.
mice. However, vimentin was essential to favor Na-glucose cotransporter 1 localization to brush-border membranes and to restore Naglucose cotransport activity in regenerating tubular cells. We show that the effect of vimentin inactivation is specific and results in persistent glucosuria. We propose that vimentin is part of a structural network that favors carrier localization to plasma membranes to restore transport activity in injured kidneys.
recovery; sodium-glucose cotransporter 1; glucosuria THE FUNCTIONAL ROLE of vimentin reexpression in epithelial cells represents a fascinating enigma in biology. Vimentin is a class III intermediate filament component of the cytoskeleton that is expressed differentially under physiological and pathological conditions as follows: in mesenchyma-derived cells in normal adult tissues and also in many epithelial proliferating cells during diseases, such as cancer or postischemic and toxic tissue regeneration (31, 39) . In the mature kidney, vimentin is detected in glomeruli, vessels, and interstitial cells but not in tubular epithelial cells (2, 18) . However, vimentin is expressed in proximal tubular cells during the recovery phase that follows ischemia or nephrotoxic tubular necrosis (15, 28, 41, 49, 51) , in renal cell carcinoma (11, 19, 47) , and in proximal tubular cells in culture (13, 17) . In all these conditions, transient vimentin expression is considered as a marker of epithelial dedifferentiation (4), but the question still remained whether vimentin is directly involved in recovery of cell functions.
The paradigm of vimentin-null mice, which develop and reproduce without an obvious phenotype (9) , shows that vimentin is not required for the survival of individuals and apparently argues against a major role of this protein, at least under normal physiological conditions. However, various cell culture models, including those derived from vimentin-null mice, suggest that vimentin could play a role in: 1) organization of other cytoplasmic structures, such as microtubules and microfilaments, 2) maintenance of cellular and nuclear shape and cell migration, 3) metabolism of lipoprotein-derived cholesterol and recycling of sphingosine and glycosphingolipids, 4) cell cycle (vimentin is considered as an immediate-early gene), and 5) interaction with several nonstructural proteins, such as protein kinase C or stress response proteins (12) . Many of these functions are severely affected by an ischemic injury (5) .
In the kidney, ischemia results in disruption of actin microfilament and microtubule networks (1, 22) . This initiates a cascade of structural and functional alterations of proximal tubular cells, including disappearance of brushborder microvilli, opening of tight junctions, and loss of cell-matrix and cell-cell adhesions (25, 45, 48) . Together, these changes induce the loss of lipid (i.e., cholesterol, sphingomyelin, and sphingolipids) and protein (i.e., Na-KATPase and adhesion molecules) polarity (27) that ultimately leads to decreased reabsorption of water and solutes by proximal tubular cells (24) . Moreover, the abundance of Na-K-ATPase, in terms of mRNA and protein levels, is severely reduced after renal ischemia, and this contributes to the impairment of tubular reabsorption (23, 43, 50) . Parallel, the synthesis of stress proteins (33, 44) and that of cytokines, chemoattractant chemokines, adhesion molecules, and nitric oxide (8, 10) , increases in postischemic cells. Altogether, these molecules potentiate ischemia-induced renal injury, by favoring leukocyte infiltration. Next, surviving cells proliferate and migrate to restore the damaged tubules (40) .
Here we have used vimentin knockout mice to examine the role of vimentin in functional recovery of proximal tubules during the regenerating phase that follows an acute tubular necrosis. We show that the morphological recovery of postischemic kidneys did not require vimentin. However, vimentin was essential to restore Na-glucose cotransport activity and to prevent glucosuria in postischemic mice. Moreover, we demonstrate that the effect of vimentin inactivation involved reduction of Na-glucose cotransporter 1 (SGLT1) localization to regenerating brush-border membranes (BBM).
MATERIALS AND METHODS

Animals
Mice with a mutated Vim allele have been previously described (9) . Animals were fed ad libitum and housed in a room with constant ambient temperature and a 12:12-h light-dark cycle. All animal procedures were conducted in accordance with French government policies (Services Vétérinaires de la Santé et de la Production Animale, Ministère de l'Agriculture).
Experimental Protocol
Adult (2-3 mo) Vim ϩ/ϩ and Vim Ϫ/Ϫ mice originating from the same litter were studied. Bilateral renal ischemia was performed as previously described, with minor modifications (38) . Briefly, right and left flank incisions were made, and the renal pedicles were clamped with microaneurysm clamps (Moria, Paris, France) for 30 min. Reperfusion was assessed by visual examination of the kidneys, which recovered the usual color within 20 -30 s. Surgery was performed under xylazine (Rompun 2%; Bayer Pharma, Puteaux, France) and ketamine (Clorketam 1000; Vétoquinol, Lure, France) anesthesia. During the duration of anesthesia, mice were maintained on a heating table (37°C) to avoid the fall in temperature.
Mice were killed at 2, 10, and 28 days after surgery. At each time point, 16 -22 Vim ϩ/ϩ and Vim Ϫ/Ϫ mice were examined. At the same time points, 16 -22 nonoperated Vim ϩ/ϩ and Vim Ϫ/Ϫ mice from the same gender and litter were analyzed and used as controls.
At the time of death, kidneys were removed. On recovery day 2 and 10, urine samples were collected using metabolic cages over the 24 h before death, and blood samples were obtained by cava puncture in 10 animals of each experimental group, for determination of Na, creatinine, and glucose concentrations.
The experimental protocol was chosen according to the results obtained in a pilot study that aimed at defining a model of transient bilateral postischemic tubular necrosis in mice. In this study, the two renal pedicles were clamped for 15, 30, and 50 min, and mice were killed at different times after surgery from day 1 to day 28. We observed that 50 min of clamping resulted in 100% mortality of mice within 3 days after ischemia, whereas 15 min of clamping induced only scarce and moderate renal changes. In contrast, 30 min of clamping resulted in a reversible (recovery on day 10) model of acute renal failure.
Renal Function
Serum and urine determinations were performed using a Monarch multiparametric autoanalyzer (Instrumentation Laboratory, Paris, France).
Renal Morphology
Kidneys from six mice for each experimental group and time point were frozen in 2-methylbutane and kept at Ϫ80°C. Section (4 m thick) were fixed in 4% formaldehyde at room temperature for 10 min and stained with Periodic acid-Schiff.
Actin staining. Sections (4 m thick) were fixed in 4% formaldehyde at room temperature for 10 min and permeabilized with 0.1% Triton X-100 for 5 min. Next, sections were incubated at 37°C for 20 min with phalloidin conjugated to TRITC (Sigma Aldrich Chimie, Saint Quentin Fallavier, France), diluted 1:1,000.
BBM Vesicle Preparation
Brush-border membrane vesicles (BBMV) were isolated as described by Booth and Kenny (6) according to the modifications of Biber et al. (3) . Briefly, kidneys were removed, decapsulated, and rinsed in ice-cold Hanks' solution. The cortex from the two kidneys of four mice was separated from the medulla, and cortical slices were pooled and homogenized with a Ultra-turax T25 homogenizer (IKA; Werke, Janke and Kunkel, Staufen, Germany) in a buffer consisting of 300 mM mannitol, 5 mM EGTA, 12 mM Tris ⅐ HCl (pH 7.4), and a cocktail of anti-proteases (Complete; Roche, Meylan, France). BBMV were then prepared by the MgCl 2 precipitation and differential centrifugation procedures, and the final pellet was resuspended in a buffer containing 300 mM mannitol, 16 mM HEPES, and 10 mM Tris (ph 7.5). The enrichment of BBMV content of the precipitation was assessed by measuring enzymatic activities in the homogenates and in the final membrane preparations. A nine-and fourfold enrichment factor was routinely obtained for ␥-glutamyltranspeptidase and Na-K-ATPase activity, respectively, in both Vim ϩ/ϩ and Vim Ϫ/Ϫ membrane preparations. Because BBMV were prepared four times by pooling the two kidneys of four animals, 16 control and postischemic mice were studied for each genotype and experimental time point.
Enzymatic Activities
␥-Glutamyltranspeptidase (EC 2.3.2.2) activity was determined using an adaptation of the technique of Orlowski and Meister (29) . Na-K-ATPase (EC 3.6.1.3) activity was determined according to the technique of Post et al. (30) . Specificity was assessed using ouabain (8 mM).
BBMV Transport Studies
BBMV were equilibrated for 60 min at room temperature in a buffer containing 300 mM mannitol, 16 mM HEPES, and 10 mM Tris ⅐ HCl (pH 7.4). Total uptake was measured in an incubation media [150 mM NaCl, 16 mM HEPES, and 10 mM Tris ⅐ HCl (pH 7. After timed incubation at room temperature, ice-cold stop solution [300 mM mannitol, 10 mM Tris ⅐ HCl (pH 7.5), and 2 mM CaCl 2] was added, and samples were transferred to 0.65-m filters (Gelman Laboratory, Pall France, Saint Germain en Laye, France). Filters were washed with ice-cold stop solution, and the radioactivity was counted in a LKB Wallac counter (model 1209; Rackbeta, Turku, Finland). Na-independent uptakes were determined in a medium where Na was substituted to N-methylglucamine (137 mM). Na-dependent uptakes were calculated as the difference between total and Na-independent uptakes.
Western Blot Analysis
Immunoblotting was performed as previously described (32) . The primary antibodies used were: 1) a rabbit polyclonal anti-SGLT1 antibody (Chemicon, Temecula, CA), diluted 1:2,000; 2) a rabbit polyclonal anti-Npt2a antibody (kindly provided by H. Murer and J. Biber, Institut of Physiology, Zurich, Switzerland), diluted 1:6,000; 3) a mouse monoclonal anti-P-glycoprotein antibody (Calbiochem, San Diego, CA), diluted 1/100; 4) a mouse monoclonal anti-␤-actin antibody (Sigma Aldrich Chimie), diluted 1:5,000; and 5) a mouse monoclonal anti-villin antibody (kindly provided by S. Robine, Institut Curie, Paris, France), diluted 1:3,000. The secondary antibodies used were as follows: 1) a sheep anti-mouse horseradish peroxidaselinked Ig antibody (Amersham Pharmacia Biotech), diluted 1:5,000 for P-glycoprotein, 1:8,000 for actin, and 1:5,000 for villin; 2) a donkey anti-rabbit horseradish peroxidase-linked Ig antibody (Amersham Pharmacia Biotech), diluted 1:2,000 for SGLT1 and 1:6,000 for Npt2a.
Expression of Data and Statistical Analysis
Data are expressed as means Ϯ SE. Differences between the experimental groups were evaluated using one-way ANOVA, followed, when significant, by the Bonferroni test.
RESULTS
Recovery of Na-glucose Cotransport Activity is Impaired in the Absence of Vimentin
We performed bilateral renal ischemia in Vim ϩ/ϩ and Vim Ϫ/Ϫ mice and studied Na-glucose cotransport activity at 2, 10, and 28 days after surgery. As expected, uptake of ␣-methylglucopyranoside (MGP), a nonmetabolized analog of D-glucose, decreased markedly in BBMV prepared from postischemic kidneys 2 days after renal ischemia (Fig. 1A) . The decrement was of the same magnitude in Vim ϩ/ϩ (50 Ϯ 5%) and Vim Ϫ/Ϫ (68 Ϯ 8%) mice. In Vim ϩ/ϩ postischemic kidneys, Na-glucose cotransport activity increased back to baseline levels on day 10 after ischemia. In contrast, MGP uptake remained significantly lower (64 Ϯ 7%) in Vim Ϫ/Ϫ postischemic kidneys compared with controls (Fig. 1A) . In mutant mice, glucose uptake was still reduced (50 Ϯ 4%) on recovery day 28. No difference in MGP uptake was detected in control nonoperated kidneys from Vim ϩ/ϩ and Vim
Two specific cotransporters ensure mainly the uptake of glucose across BBM [SGLT1 and SGLT2 (52) ]. Although glucose is transported by both proteins, galactose is selectively taken up by SGLT1, but not by SGLT2 (21) . Hence, we measured Na-galactose transport activity in Vim ϩ/ϩ and Vim Ϫ/Ϫ postischemic kidneys. As shown in Fig. 1A , at day 10 after ischemia, Na-galactose cotransport activity was reduced significantly in BBMV from Vim Ϫ/Ϫ mice compared with Vim ϩ/ϩ mice. Next, we evaluated whether the absence of vimentin affects other Na-dependent cotransport activities in postischemic kidneys. For this purpose, we measured Na-dependent neutral amino acid transport and Na-dependent phosphate transport activities in BBMV from Vim ϩ/ϩ and Vim Ϫ/Ϫ mice. As shown in Fig. 1B , on recovery day 10, Na-alanine and Na-phosphate cotransport activities were similar in postischemic and control nonoperated kidneys, and values did not differ in Vim ϩ/ϩ and Vim Ϫ/Ϫ mice. The fact that both phosphate and alanine uptakes were not modified in Vim Ϫ/Ϫ postischemic kidneys made a primary effect of vimentin gene inactivation on Na-K-ATPase activity unlikely. Indeed, as shown in Table 1 , ouabain-sensitive rubidium uptake, an ion that competes with K at Na-KATPase, was affected neither by ischemia nor by the mouse genotype on recovery day 10. ) and Vim Ϫ/Ϫ (filled bars) mice. A: Na-glucose (left) and Na-galactose (right) cotransport activities. The uptake of ␣-methylglucopyranoside (MGP) was evaluated at 2, 10, and 28 days after surgery, whereas the uptake of galactose was measured at day 10 after surgery. Because glucose uptake of control nonoperated kidneys was unchanged throughout the course of experiment, only one experimental time point is shown. The absence of vimentin impaired the recovery of Naglucose cotransport activity in postischemic kidneys. B: Na-alanine (left) and Na-phosphate (right) cotransport activities on recovery day 10. Alanine and phosphate uptakes were affected neither by ischemia nor by the mouse genotype. Data are means Ϯ SE of 4 separate experiments. Each experiment was performed in triplicate by pooling the two kidneys of 4 mice. Sixteen mice were analyzed for each experimental group and time point. Statistical analysis: ANOVA, postischemic vs. control kidneys: *P Ͻ 0.05 and **P Ͻ 0.01; Vim Ϫ/Ϫ vs. Vim ϩ/ϩ kidneys: §P Ͻ 0.05 and § §P Ͻ 0.01.
Normal BBM Morphological Recovery in the Absence of Vimentin
The recovery of transport activities in postischemic kidneys is paralleled by the morphological renewal of BBM (35) .
Hence, we analyzed the changes of BBM throughout the recovery phase in Vim ϩ/ϩ and Vim Ϫ/Ϫ mice. Phalloidin staining showed that actin microfilaments were concentrated in the terminal web and microvilli regions and, to a lesser extent, below the apical surface and along the basal membranes of proximal tubular cells in control nonoperated kidneys. Actin disappeared in BBM of many proximal tubules 2 days after injury ( Fig. 2A) . After day 10 of ischemia, the actin network was completely reestablished, and the appearance of postischemic BBM could not be distinguished from that of control nonoperated kidneys. The morphology of BBM did not change thereafter. The same pattern was observed in Vim ϩ/ϩ and Vim Ϫ/Ϫ postischemic tubules ( Fig. 2A) . Western blots showed that the expression of villin and actin, two major constituents of BBM, paralleled the morphological changes (Fig. 2B) . Indeed, the abundance of both proteins was significantly decreased 2 days after ischemia, and the decrement was comparable in Vim ϩ/ϩ and Vim Ϫ/Ϫ mice. On recovery day 10, BBM villin and actin content reached the values of control nonoperated animals and did not change thereafter, regardless of the mouse genotype.
The activity of ␥-glutamyltranspeptidase, an enzyme expressed in differentiated BBM, was similar in postischemic and Data are means Ϯ SE. Enzymatic activities were determined in control and postischemic kidneys of Vim ϩ/ϩ and Vim Ϫ/Ϫ mice 10 days after surgery. Na ϩ -K ϩ -ATPase and ␥-glutamyltranspeptidase activities were assessed in 4 separates experiences; experiments were performed in triplicate. Six mice were analyzed for each experimental group and time point. Statistical analysis: no significant difference was observed between control and postischemic mice, regardless of the mouse genotype. Table 1 ), suggesting that regeneration of BBM was not grossly impaired in mutant mice.
Decreased SGLT1 Protein Expression in the Absence of Vimentin
The activity of Na-glucose cotransport in proximal tubules depends on carrier insertion in BBM. We previously showed that, in proximal tubular cells in primary culture, the absence of vimentin affected the localization of SGLT1 to specialized cholesterol-and sphingolipid-enriched domains of BBM, the rafts (32) . Hence, we monitored the expression of SGLT1 in BBM from control nonoperated and postischemic kidneys. The abundance of SGLT1 was reduced significantly in postischemic BBM on recovery day 2 (Fig. 3A) . The decrement was of the same magnitude in Vim ϩ/ϩ (54 Ϯ 9%) and Vim Ϫ/Ϫ (64 Ϯ 1%) postischemic kidneys compared with control kidneys. Because actin levels were also significantly reduced (51 Ϯ 3 and 61 Ϯ 3% in Vim ϩ/ϩ and Vim Ϫ/Ϫ postischemic kidneys, respectively), the SGLT1-to-actin ratio was comparable at day 2 after ischemia in postischemic and control nonoperated mice regardless of the genotype. To evaluate whether differences in loading could account for the reduction of SGLT1 in postischemic BBM, we stained each membrane with Ponceau red. Quantification of the major bands confirmed that equal amounts of proteins were loaded on each line (data not shown). In Vim ϩ/ϩ postischemic kidneys, SGLT1 protein levels returned back to baseline levels at day 10 and did not change thereafter (Fig. 3A) . In Vim Ϫ/Ϫ postischemic animals, the abundance of SGLT1 protein remained below the control levels at both days 10 and 28 after ischemia. In contrast, actin protein levels increased up to control values in both Vim ϩ/ϩ and Vim Ϫ/Ϫ postischemic kidneys from day 10 after ischemia ( Figs. 2B and 3A) . Neither ischemia nor vimentin gene inactivation affected the abundance of SGLT1 in whole kidneys (data not shown).
We then analyzed whether the absence of vimentin affected the expression of another Na-dependent cotransporter located to proximal tubules, including the S 3 segment, Npt2a. As shown in Fig. 3B, on recovery day 10 , the abundance of Npt2a did not change in BBM of postischemic kidneys compared with that of control nonoperated kidneys. Furthermore, Npt2a levels were identical in Vim ϩ/ϩ and Vim Ϫ/Ϫ kidneys, confirming that phosphate transport, unlike glucose transport activity, is unaffected in mutant mice. Similarly, the expression of another apical-located transporter, the P-glycoprotein, was unaffected by vimentin gene inactivation. In fact, Western blot analysis failed to detect any differences in P-glycoprotein levels between Vim ϩ/ϩ and Vim Ϫ/Ϫ postischemic kidneys on recovery day 10. The P-glycoprotein-to-actin protein ratio was 1.234 Ϯ 0.45 and 1.889 Ϯ 0.19 arbitrary units in Vim ϩ/ϩ and Vim Ϫ/Ϫ mice, respectively (P ϭ not significant).
Persistent Glucosuria in the Absence of Vimentin
We next investigated whether the impairment of glucose transport activity affects urinary glucose excretion in Vim postischemic mice. As expected, the glucose-to-creatinine ratio markedly increased 2 days after ischemia in both Vim ϩ/ϩ and Vim Ϫ/Ϫ mice (Fig. 4A) . However, whereas glucose excretion decreased back to the baseline levels on recovery day 10 in wild-type mice, glucosuria remained significantly higher (3-fold) in Vim Ϫ/Ϫ animals. This effect seems specific. Indeed, in agreement with the transport data, the absence of vimentin did not affect urinary phosphate excretion throughout the course of experiment. The phosphate-to-creatinine ratio was similar in postischemic and control nonoperated mice, irrespective of the time point or genotype (Fig. 4B) . Similarly, the pattern of urinary Na excretion was indistinguishable in Vim ϩ/ϩ and Vim Ϫ/Ϫ mice throughout the study: it strikingly increased on recovery day 2 and decreased back to baseline levels from day 10 after ischemia (Fig. 4C) .
To assess whether an increase in filtered glucose load may account for persistent glucosuria in Vim Ϫ/Ϫ mice, we measured plasma creatinine and glucose concentrations throughout the course of experiment. As shown in Table 2 , plasma creatinine levels markedly increased 2 days after ischemia in both Vim ϩ/ϩ and Vim Ϫ/Ϫ mice. However, from recovery day 10, plasma creatinine returned back to baseline levels, and the values were identical in Vim ϩ/ϩ and Vim Ϫ/Ϫ mice. Plasma glucose concentration did not change irrespective of the time point or genotype ( Table 2) .
DISCUSSION
Genetic manipulation in the mouse offers a powerful approach to define specific roles for individual factors in the complex pathogenesis of human diseases. Vimentin, an intermediate filament of class III, is one of the most intriguing proteins of the cytoskeleton. Mainly expressed in mesenchyma-derived cells in healthy mature kidneys, it is detected in epithelial cells under pathological conditions. The functional role of this expression is not yet known. We combined a genetic approach (Vim Ϫ/Ϫ mice) and an experimental model of acute renal injury (bilateral ischemia) to show that vimentin reexpression favors the recovery of tubular Na-glucose cotransport activity after an initial injury. The beneficial effect of vimentin expression in tubular cells is associated with the reexpression of SGLT1 transporters in regenerating BBM. We propose that vimentin acts as an essential element in the restoration of specific transport function, possibly via the maintenance of membrane physical state.
SGLT1 is Reduced in BBM of Postischemic Kidneys
Previous studies have shown that renal ischemia results in reduced proximal tubule glucose transport (20, 26, 35 kinetic parameters of MGP uptake (reduced V max with unchanged K d values) and the reduction of phlorizin-binding sites suggest that the transport defect results from a decreased number of accessible Na-glucose carriers in the apical membrane (26) . In the present study, we provide the first evidence in favor of this hypothesis by showing that the amount of SGLT1 protein is reduced in BBM of postischemic kidneys. Two specific cotransporters ensure mainly the uptake of glucose across renal BBM: SGLT1 and SGLT2 (52) . Although the lack of available antibodies limited the analysis of SGLT2 expression, several data of the present study are in favor of a major role of SGLT1. First, the changes of SGLT1 protein paralleled the modification of Na-glucose activity throughout the course of the experiment. Second, the uptake of galactose, a hexose transported by SGLT1 exclusively (21), was reduced after ischemia in Vim Ϫ/Ϫ mice. Third, the abundance of SGLT2 mRNA changed neither after ischemia nor in the absence of vimentin (data not shown). Moreover, the previous observations that SGLT1 is the major transporter of the S 3 segment (42, 53) and that this segment is susceptible to ischemic injury (45) strongly support this view. Whether ischemia also affects SGLT2 localization to BBM is unknown and merits further investigation.
The Absence of Vimentin Affects Apical SGLT1 Expression in Regenerating Kidneys
We show that the absence of vimentin impaired the reestablishment of Na-glucose cotransport activity during the regeneration phase that follows ischemia. This effect is specific, since the activity of other cotransporters of BBM, such as the Na-phosphate cotransporter Npt2a or Na-neutral amino acid cotransporter, was not modified in mutant mice. In contrast, the early (first 2 days) morphological and functional changes induced by ischemia were not affected by vimentin gene inactivation. It is noteworthy that the pattern of vimentin expression is consistent with a prominent role of this protein in the regenerating phase rather than in the ischemic phase; the peak of vimentin expression was detected between days 5 and 10 after ischemia, depending on the model used (28, 38, 41, 49, 51) . The factor(s) that trigger the transcription of vimentin gene in postischemic tubular cells remain(s) to be elucidated.
The molecular and cellular mechanisms underlying the recovery of glucose transport activity after acute ischemic or toxic tubular necrosis are not completely elucidated. It has been suggested that the reestablishment of apical and basolateral membrane polarity is mandatory for the recovery of tubular functions (24) . In the present study, we showed that the absence of vimentin did not affect the recovery of differentiated BBM, as judged by morphological, biochemical, and enzymatic analysis. Similarly, in a previous study, we showed that the absence of vimentin affects neither cell proliferation nor morphological repair of postischemic tubules (38) . Nevertheless, the abundance of SGLT1 protein was selectively reduced in Vim Ϫ/Ϫ regenerating BBM, whereas protein concentrations did not change in whole kidney extracts. This phenotype paralleled the activity of glucose transport. In contrast, but in agreement with the functional data, the abundance of Npt2a, another Na-dependent cotransporter of BBM, was not affected by the absence of vimentin. Similarly, the expression of Pglycoprotein, another apically located transporter, did not change in mutant kidneys. Taken together, these results suggest that vimentin participates in the recovery of glucose transport function by selectively favoring the expression of transporters in BBM.
With regard to the mechanism(s) by which vimentin affects carrier localization to apical membranes, it can be proposed that, in postischemic kidneys, vimentin is necessary to locate SGLT1 to rafts, particular cholesterol-and sphingolipid-enriched microdomains of plasma membranes (34) . Various data are in agreement with this hypothesis. First, our previous in vitro observations showed that, in proximal tubular cells in primary culture: 1) activity of SGLT1 depends on its localization to rafts, which could favor its dimerization; 2) vimentin is located on rafts and forms a physical complex with caveolin; and 3) disruption of these microdomains by methyl-␤-cyclodextrin results in reduced glucose transport activity, a change that is paralleled by a decrease in SGLT1 and vimentin content in rafts (32) . Second, it was recently reported that SGLT1 sorting could be carried out by direct interaction with rafts (36) . Third, it has been observed that acute proximal tubular injury results in damage of raft structure, as suggested by cholesterol missorting and caveolin release (54) . Finally, it has to be pointed out that vimentin expression in postischemic BBM (28, 38, 41, 49, 51) parallels the changes of lipid composition (35) . Interestingly, vimentin is reexpressed when fluidity of the apical membrane increases, a condition that favors the raft's disruption and impairs Na-glucose cotransport activity (14, 46) . Whether vimentin could maintain the structure of rafts during the recovery phase after ischemia, when the fluidity of apical membranes is increased, is an attractive hypothesis that deserves further investigations.
The Absence of Vimentin Resulted in Persistent Glucosuria
The impairment of transport activities in postischemic kidneys results in natriuresis and glucosuria. Urine analysis confirmed that, in our experimental conditions, both Na and glucose excretion increased in the early phase after ischemia and that the recovery of Na-glucose transport activity was accompanied by urine normalization in Vim ϩ/ϩ mice. In contrast, the glucose transport defect resulted in persistent glucosuria in Vim Ϫ/Ϫ animals, whereas phosphate excretion was normal. In a previous study, we showed that the absence of vimentin impairs hemodynamic adaptations to nephron reduction (37) . The fact that, on recovery day 10, glomerular filtration rate, as reflected by plasma creatinine concentration, was comparable in Vim ϩ/ϩ and Vim Ϫ/Ϫ mice and did not differ from values of control nonoperated littermates argues against the possibility that glucosuria resulted from increased filtered glucose and supports a tubular reabsorption defect. The observation that in Vim Ϫ/Ϫ mice glucosuria decreased dramatically from day 2 to day 10 after ischemia, whereas the magnitude of SGLT1 downregulation in BBM did not change, is intriguing. However, the global impairment of proximal reabsorption, including that of Na (23) , may account for the higher glucosuria on recovery day 2. This is supported by the finding that Na excretion, markedly increased at day 2 after ischemia, dropped back to control values by day 10. Alternatively, SGLT2 activity may be transiently impaired in the early phase after ischemia and recovers faster than that of SGLT1.
In conclusion, combining a genetic approach (Vim Ϫ/Ϫ mice) and an experimental model of renal injury (bilateral ischemia), we provide the first evidence, to our knowledge, for a role of vimentin reexpression in epithelial cells and demonstrate that vimentin may prevent glucosuria associated with pathological conditions. Whether vimentin might be involved in human renal regeneration and account for different evolutions of postischemic tubular necrosis in patients (7, 16 ) is an attractive hypothesis that deserves further investigations.
